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Decoding
Neurodevelopment

Findings on
.. Environmental Exposures
and Synaptic Plasticity

hat makes one person different from the next? In
large part it’s that our individual brains are wired a
bit differently; each neuron in each person’s brain has
a different set of synapses connecting to a different
set of neurons. When we’re born, most of the major
functional subregions of the brain and their interconnections are in place,
but various experiences and environmental exposures affect which synaptic
connections become stronger and which become weaker. Different areas of
the brain have this synaptic plasticity—or ability to grow stronger or weaker

connections—at different time periods, and the timing of these “critical

periods” is tightly regulated.
The field of neurobiology is humming with new findings on the intricate

workings that orchestrate this process, too many to describe in one story.

But of special interest are key discoveries by investigators at the National
Institute of Environmental Health Sciences (NIEHS) about some of the basic

mechanisms involved in synaptic plasticity, and work by other investigators
that explores the hypothesis that environmental toxicants that disrupt synaptic
plasticity at critical periods play a role in disorders that have roots in early

brain development, such as autism spectrum disorders (ASDs), attention
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deficit/hyperactivity disorder, and schizophrenia."?

Thermogram showing hormone receptors in the hippocampus of an
infant. Exposures to certain neurotoxic agents during critical periods

of synaptic plasticity may set the stage for developmental disorders.
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The Conspiracy against
Plasticity in CA2
All areas of the brain were once thought
equally capable of rewiring themselves in
response to environmental input, but
Serena Dudek, principal investigator of the
NIEHS Synaptic and Developmental Plas-
ticity Group, has revealed that one region of
the brain has what she and colleagues have
termed a “conspiracy against plasticity,” with
the neurons there exhibiting a remarkable
stability in synaptic strength in response to
electrical stimulation.® This region, CA2,
is part of the hippocampus, an important
center of learning and memory. The other
regions of the hippocampus, CAl and CA3,
have been heavily studied, but CA2 had been
largely ignored; it was long considered simply
a transition area between the other regions.>*
Dudek began studying CA2 because
she wanted to figure out exactly how critical
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periods for phenomena such as ocular domi-
nance are controlled. Ocular dominance
refers to the preference of the brain for input
from one eye over the other, and develop-
ment of ocular dominance provides a simple
example of synaptic plasticity at work in
everyday life. When a baby is born with
a cataract or other condition in only one
eye, the problem ideally should be corrected
before 2 years of age and no later than age 8.°
That's because the longer the brain receives
information from only one eye, the weak-
er its connections to the inactive eye will
become, until that eye is wired out of the
circuit, even if the physical condition itself is
later corrected.® But if an adult loses vision in
one eye for a time, the consequences are not
so dire; the connections to receive informa-
tion from both eyes are already formed, and
the opportunity for that part of the brain to
rewire itself has closed.

another neuron’s dendrites.

impact per transmission.

In rodent models Dudek noticed that
a particular gene, TREK-1, was highly
expressed in a layer of the adult visual cortex
that wasn’t particularly plastic, and that its
expression appeared to increase as the ani-
mal aged and the critical period for plasticity
in that region closed.” “This gene was one
of several that might have been predicted to
prevent plasticity, and so we were surprised
to see that it showed up in this area of the
hippocampus, CA2.% As we studied CA2,
it turned out that the area was a lot different
[from CAl and CA3],” Dudek says.

In their studies of CA2, Dudek and
colleagues used the patch-clamp technique
to measure the response of neurons in
slices of rodent hippocampus to electrical
stimulation; these responses include either
the firing of “action potentials” or else the
smaller electrical activity of synapses [see
“The Basics of Neural Activity,” this page].

The Basics of Neural Activity

Neurons are polarized brain cells: that is, the outside of the cell mem-
brane is positively charged, while the inside is negatively charged. On
each neuron a large antenna-like tree of dendrites receives synapses
from many other neurons, and a single axon branches to contact many
other neurons. Neurons communicate with each other using chemical

signals that they release at synapses, where the axon terminals contact

Some chemicals alter the activity of ion channels, while others alter
neuronal metabolism. When enough excitatory synapses are activated
simultaneously, the neuron conducts a regenerative electrical wave of
depolarization along its axon. This electrical wave is known as an “action
potential,” sometimes referred to as the “firing” of a neuron. When the
depolarization arrives at the axon terminals, or synapses, the resulting
calcium entry triggers the release of vesicles containing chemical mes-
sengers called neurotransmitters, and the process begins again.

Synaptic plasticity is the ability of the synapses to strengthen or
weaken their connections. A simple way to think of strengthening a
synapse is the insertion of postsynaptic receptors. When the number of
receptors is increased, neurotransmitters can have more effect. When

postsynaptic receptors are removed, neurotransmitters make less of an
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Up until . . . five years ago, I would have thought that the cellular
profile of all the pyramidal cells in the cerebral cortex was similar

enough that their synaptic plasticity would be very similar. But we’re

finding that that is clearly not the case.

Repeated high-frequency electrical stimula-
tion to other regions of the hippocampus
typically causes a long-lasting boost in the
strength of synapse; this is called long-term
potentiation. But stimulating slices from
CA2 yielded no such increase.?

“Up until we discovered this five years
ago, I would have thought that the cellular
profile of all the pyramidal [primary excit-
atory] cells in the cerebral cortex was similar
enough that their synaptic plasticity would
be very similar. But were finding that that
is clearly not the case,” Dudek says. Neuro-
scientists are excited about her findings in
CA2 because they open up new opportuni-
ties for delving into the workings of plastic-
ity, especially for better understanding the
factors that reduce or prevent it.

Bidirectional Activity
In earlier work, when Dudek was a PhD stu-
dent, she conducted the first studies demon-
strating that synaptic plasticity goes in both
directions. Many neuroscientists had shown
that long-term potentiation occurs, but no
one had shown that the opposite—long-term
depression—also could be induced. Dudek
and colleagues demonstrated that a repeated
stimulation of synapses at frequencies lower
than those required to induce long-term
potentiation would result in prolonged syn-
aptic weakening in hippocampal slices.’
Later, Dudek collaborated with John
Hepler, a professor of pharmacology at
Emory University, to find that RGS14, a
gene highly enriched in CA2, keeps plastic-
ity turned off. When Hepler knocked out
RGS14 in rodents, the animals learned faster,
especially in spatial activities, and Dudek
showed that plasticity had been turned back
on in CA2." It may seem odd that the brain
has a “Homer Simpson gene,” as RGS14
has been nicknamed, that keeps the brain
from learning. But Hepler suggests that such
mechanisms may be vital for processing the
world in a way that enables normal function.
“Think about everything that you
encounter every day: You forget the vast
majority of it, and that’s a good thing—you
have to filter out what’s important and what’s
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not important,” Hepler says. “You could also
think about RGS14 and CA2 as important
devices for filtering which memories are
important to retain and which are not.”

Most recently, Dudek and colleagues
have found that CA2 is probably the “caf-
feine center” of the brain. In both brain slices
and live animals, they demonstrated that a
dose of caffeine equivalent to about 2 cups
of coffee for a human almost doubled the
transmissions of synapses in CA2 compared
with those in controls.” At the same doses,
caffeine had no effect on other areas of the
hippocampus. Dudek thinks that CA2 gets
such a jolt from caffeine because the region
is rich in adenosine receptors. Adenosine is
a neurotransmitter that normally inhibits
synaptic transmission and plasticity; that is,
it induces sleepiness. Caffeine is known to
antagonize adenosine receptors.

The Hormone Connection

Some of the signaling chemicals involved
in plasticity are hormones. For instance,
since the early twentieth century, it has
been known that people deprived of iodine
develop cognitive disabilities because the
lack of iodine reduces production of thyroid
hormone.” But many of the details of how
thyroid hormone actually works in the brain
are still largely unknown.

Researchers previously thought that thy-
roid hormone affected neurodevelopment
mainly by regulating gene expression, a pro-
cess that can take hours to produce effects.
But in recent years, says David Armstrong,
chief of the NIEHS Neurobiology Labora-
tory, it has become apparent that thyroid
hormone also works via rapid events, such
as binding to receptors that can regulate
ion channel activity through cytoplasmic
signaling mechanisms.

Armstrong and colleagues are finding out
how thyroid hormone does its job in normal
brain development. In a rat pituitary cell line,
they showed that a nuclear receptor for thyroid
hormone, TR, binds to phosphatidylinositol
3-kinase (PI3K), an enzyme that’s essential for
brain development and synaptic plasticity.”
In unpublished work presented in November
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—Serena Dudek
NIEHS

2011 at the Society for Neuroscience Annual
Meeting, Armstrong’s team showed exactly
where TR binds to PI3K and that, when a
mutation at this site prevents binding, rats’
brains exhibited less plasticity, reduced syn-
aptic response to an electrical stimulus, and
reduced response to thyroid hormone."

“If we change one tyrosine residue in
the thyroid hormone receptor protein to a
phenylalanine, which is a very conservative
difference, then we see all these changes in
the brain,” Armstrong says. “So this must
be an important mechanism for how thy-
roid hormone works.”

Tracing these intricate basic mechanisms
is the best route that Armstrong sees to the
discovery of environmental toxicants that may
disrupt brain development. Other approaches
that involve exposing an animal to a suspected
toxicant and observing behavioral changes that
develop are too imprecise, in his view. “Espe-
cially for things like early learning disorders
in humans, it's not so easy to map that [type
of behavioral change] onto mouse behavior,”
he explains. “It’s highly controversial what an
autistic mouse would look like because they
have a very different forebrain and cortex than
we do and very different social behaviors.”

Armstrong and other basic scientists there-
fore take the approach of nailing down the
molecular mechanisms that underlie brain
functions such as plasticity. Then they can
develop high-throughput screens to identify
toxicants that may perturb those mechanisms.

Too Much Excitement?

How might a disruption in synaptic plastic-
ity lead to developmental disorders such as
ASDs? In order for senses such as vision to
develop normally and become integrated into
behavior, the brain changes in response to
experience, says Michela Fagiolini, a neuro-
biologist at Harvard Medical School. Some
evidence suggests that ASDs—a group of
conditions of varying severity—Dbegin in part
with an underdeveloped ability to integrate
visual information with auditory information
when making out words. Other research has
shown that autistic children process images
of faces differently than nonautistic children.
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Think about everything that you encounter every day: You forget
the vast majority of it, and that’s a good thing—you have to filter out

what’s important and what’s not important. You could also think about

RGS14 and CA2 as important devices for filtering which memories are

important to retain and which are not.

In one study, autistic children were more
successful at recognizing facial expressions
depicted with high spatial frequency; that is,
their visual perception was more oriented to
contrast and detail than that of nonautistic
children, who focused on the overall compo-
sition of the faces.”

Normal plasticity requires a delicate bal-
ance between excitation and inhibition of
synapses, according to Fagiolini. “We and
others have shown that a balance between
inhibition and excitation is actually critical
for allowing the brain to become plastic and
respond to the environment,” she says. “This
is different from what people thought in the
past, when inhibition was thought to suppress
plasticity. The new view is that you need a
certain level of inhibition to allow the brain to
sense and respond to the environment.”

In one study, scientists genetically engi-
neered mice to lack just 1 of 2 receptors for
y-aminobutyric acid (GABA), a neurotrans-
mitter involved in inhibition of synaptic
electrical excitement.” Without the proper
inhibition, the visual cortex stayed in the
immature state that normally occurs just
before the onset of the critical period for
ocular dominance. But enhancing GABA
transmission with the drug benzodiazepine
resulted in a normal-length critical period of
plasticity, no matter the mouse’s age.

Some scientists hypothesize that lack of
inhibition of electrical activity in the brain
caused by environmental toxicants may con-
tribute to developmental disorders such as
ASDs. For instance, Timothy syndrome, a
very rare developmental disorder characterized
by autism and cardiovascular irregularities,
results from a mutation in the Ca, 1.2 voltage-
gated calcium channel.” Voltage-gated ion
channels open in response to electrical stimu-
lation to allow entry of critical signaling ions
including calcium, potassium, and sodium.
Armstrong and colleagues found that this
Ca 1.2 mutation increases the duration of
each channel opening by more than 10 times,
and far more calcium enters the cells to the
point it could become cytotoxic.'
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Increased calcium entering through
Ca,1.2 channels also overstimulates any
nearby ryanodine receptor calcium channels,
which are thought to work with Ca 1.2 to
control synaptic plasticity as well as mus-
cle coordination.”? “Normally, ryanodine
receptors are kept under tight control,” says
Isaac Pessah, chairman of the Department
of Molecular Biosciences at the University of
California, Davis. “For instance, in muscle
cells such as those in the heart, ryanodine
receptors’ role is to contribute an intense sig-
nal only when they’re called upon. When
muscle contraction is needed, the receptors
open briefly, release the calcium needed, then
shut off quickly.” But some polybrominated
diphenyl ethers (PBDEs) and polychlorinated
biphenyl ethers (PCBs), because of their
structure, enhance the activity of ryanodine
receptors.'**'

Pessah’s group has shown that after expo-
sure to PCBs, ryanodine receptors activate
much more easily than usual, and they are, as
Pessah says, “noisy.”™ “I call it ‘chattering,”
he says. “That can be extremely confusing to
cells.” Pessah and colleague Pam Lein, also
at UC Davis, have shown that some of the
same PBDEs and PCBs that alter the activity
of ryanodine receptors also affect activity-
dependent growth of dendrites (the branches
of neurons where synaptic receptors lie).?2

“Activity-dependent growth is extremely
important in neurodevelopment because not
only does it develop the complexity needed to
promote learning, it also is essential for ‘cod-
ing’ neural networks so that they’re meaning-
ful to the brain,” Pessah says. He and Lein
hypothesize that the effects of the environ-
mental toxicants on neural development are
mediated by their effects on ryanodine recep-
tors in neurons, but that idea remains to be
tested in animals.

What Does This Mean for
Humans?

More than 150 mutations in one type of
ryanodine receptor (RylR1) have been
well documented to heighten sensitivity

—John Hepler
Emory University

to chemicals called halogenated alkanes,
which are used as general anesthetics. A
person may go his whole life unaware that
he has such a mutation until he is given
a halogenated anesthetic in the operating
room, which could rapidly trigger a life-
threatening response known as malignant
hyperthermia.?*2+2

“We are convinced that this is an amaz-
ing demonstration of a gene-by-environment
interaction in which the gene by itself is
insufficient to cause an overt clinical phe-
notype, so you don’t know that individuals
are susceptible until they’re subjected to an
environmental stressor,” Pessah says. He and
other researchers are investigating the idea
that ASDs and other developmental disorders
similarly could begin with a small genetic
variation that makes a person more suscep-
tible to ryanodine receptor disruption.

Can human developmental disorders
really be reduced to disruptions in synapses
and chemicals? The idea may not be so far-
fetched. As Armstrong points out, until it
was demonstrated a few years ago, scientists
would not have predicted that intranasal
administration of the hormone oxytocin,
previously thought to be involved mostly in
reproduction, could have a direct effect on
complex human behavior such as trust.?®

Because many of the mechanisms of neu-
ral plasticity are chemical processes, investi-
gators predict that environmental chemicals
are capable of disrupting them. However,
although the molecules that regulate synap-
tic plasticity in mice and humans are almost
identical, the cellular substrates of cognitive
processes in the two species are quite dif-
ferent. So it remains to be secen what any
of these findings mean for human neuro-
development.

But even if basic work such as Dudek’s
and Armstrong’s can pinpoint particular
chemicals that disrupt plasticity in experi-
ments at high concentrations, many steps will
be required to determine the human health
effects of environmentally relevant chemical
exposures. “There won't ever be any one test
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that rules a chemical in or out as being neuro-
toxic,” Armstrong says. “You have to test its
toxicity at many levels.”

Angela Spivey writes from North Carolina about medicine,
environmental health, and personal finance.

B REFERENCES

1.

IS

(O]

o))

Hasan A, et al. Dysfunctional long-term potentiation-like
plasticity in schizophrenia revealed by transcranial direct
current stimulation. Behav Brain Res 224(1):15-22 (2011);
http://dx.doi.org/10.1016/j.bbr.2011.05.017.

. Zhou R, et al. Abnormal synaptic plasticity in basolateral

amygdala may account for hyperactivity and attention-deficit
in male rat exposed perinatally to low-dose bisphenol-A.
Neuropharmacology 60(5):789-798 (2011); http://dx.doi.
0rg/10.1016/j.neuropharm.2011.01.031.

. Zhao M, et al. Synaptic plasticity (and the lack thereof) in

hippocampal CA2 neurons. J Neurosci 27(44):12025-12032
(2007); http://dx.doi.org/10.1523/JNEUROSCI.4094-07.2007.

. Jones MW, McHugh TJ. Updating hippocampal

representations: CA2 joins the circuit. Trends Neurosci
34(10):526-535 (2011); http://dx.doi.org/10.1016/j.
1ins.2011.07.007.

. Mitchell DE, MacKinnon S. The present and potential impact

of research on animal models for clinical treatment of stimulus
deprivation amblyopia. Clin Exper Optom 85(1):5-18 (2002);
http://dx.doi.org/10.1111/j.1444-0938.2002.tb03067.x.

. Banks MS, et al. Sensitive period for the development of

human binocular vision. Science 190(4215):675-677 (1975);
http://dx.doi.org/10.1126/science.1188363.

. XuX, et al. mRNA expression of the lipid and mechano-

gated 2P domain K* channels during rat brain development.
J Neurogenet 16(4):263-269 (2002); http://dx.doi.
0rg/10.1080/01677060216294.

AUTHORAID

Supporting Developing Country Researchers
in Publishing Their Work

The main goal of the AuthorAlID site is to allow early career

. Talley EM, et al. CNS distribution of members of the two-pore-

domain (KCNK) potassium channel family. J Neurosci 21(19):7491—
7505 (2001); http://www.ncbi.nlm.nih.gov/pubmed/11567039.

. Dudek SM, Bear MF. Homosynaptic long-term depression in

o

~

@

S

wi

o

area CA1 of hippocampus and effects of N-methyl-p-aspartate
receptor blockade. Proc Natl Acad Sci USA 89(10):4363-4367
(1992); http://www.ncbi.nlm.nih.gov/pubmed/1350090/.

. Lee SE, et al. RGS14 is a natural suppressor of both synaptic

plasticity in CA2 neurons and hippocampal-based learning and
memory. Proc Natl Acad Sci USA 107(39):16994-16998 (2010);
http://dx.doi.org/10.1073/pnas.1005362107.

. Simons SB, et al. Caffeine-induced synaptic potentiation in

hippocampal CA2 neurons. Nature Neurosci 15(1):23-25
(2012); http://dx.doi.org/10.1038/nn.2962.

. Zimmerman MB. Research on iodine deficiency and goiter in

the 19th and early 20th centuries. J Nutr 138(11):2060-2063
(2008); http://www.ncbi.nlm.nih.gov/pubmed/18936198.

. Storey NM, et al. Rapid signaling at the plasma membrane by

a nuclear receptor for thyroid hormone. Proc Natl Acad Sci
USA 103(13):5197-5201 (2006); http://dx.doi.org/10.1073/
pnas.0600089103.

. Mizuno F, et al. Thyroid Hormone Signaling through

Phosphatidylinositol 3-kinase Is Essential for Synaptic Plasticity
in Mouse Hippocampal Pyramidal Neurons [abstract]. Presented
at: Society for Neuroscience Annual Meeting, Washington,

DC, 13 Nov 2011. Available: http://www.abstractsonline.
com/Plan/ViewAbstract.aspx?sKey=5ba97878-21c1-44f4-
b8a8-a36b5470b5fd&cKey=8239c459-cc37-4deb-9817-
e503c5354aaf&mKey=%7B8334BE29-8911-4991-8C31-
32B32DD5E6C8%7D [accessed 13 Jan 2012).

. Vlamings PHIM, et al. Basic abnormalities in visual processing

affect face processing at an early age in autism spectrum
disorder. Biol Psychiatr 68(12)1107-1113 (2010); http://dx.doi.
0rg/10.1016/j.biopsych.2010.06.024.

. Fagiolini M, Hensch TK. Inhibitory threshold for critical-period

activation in primary visual cortex. Nature 404(6774):183-186
(2000); http://dx.doi.org/10.1038/35004582.

~

18.

19.

2

o

2

22.

23.

2

&

26.

Focus | Decoding Neurodevelopment

. Splawskil, et al. Ca, 1.2 calcium channel dysfunction causes

a multisystem disorder including arrhythmia and autism.
Cell 119(1):19-31 (2004); http://dx.doi.org/10.1016/j.
cell.2004.09.011.

Erxleben C, et al. Cyclosporin and Timothy syndrome
increase mode 2 gating of Ca, 1.2 calcium channels through
aberrant phosphorylation of S6 helices. Proc Natl Acad Sci
USA 103(10):3932-3937 (2006); http://dx.doi.org/10.1073/
pnas.0511322103.

Pessah IN, et al. Minding the calcium store: ryanodine
receptor activation as a convergent mechanism of PCB
toxicity. Pharmacol Ther 125(2):260-285 (2010); http://dx.doi.
0rg/10.1016/j.pharmthera.2009.10.009.

. Dai S, et al. Supramolecular assemblies and localized regulation

of voltage-gated ion channels. Physiol Rev 89(2):411-452
(2009); http://dx.doi.org/10.1152/physrev.00029.2007.

. Kim KH, et al. Para- and ortho-substitutions are key

determinants of polybrominated dipheny! ether activity toward
ryanodine receptors and neurotoxicity. Environ Health Perspect
119(4):519-526 (2011); http://dx.doi.org/10.1289/ehp.1002728.
Yang D, et al. Developmental exposure to polychlorinated
biphenyls interferes with experience-dependent dendritic
plasticity and ryanodine receptor expression in weanling rats.
Environ Health Perspect 117(3):426-435 (2009); http://dx.doi.
0rg/10.1289/ehp.11771.

Zhou J, et al. Neuromuscular disorders and malignant
hyperthermia. In: Miller's Anesthesia, 7th Edition (Miller RD,
ed.). Philadelphia, PA:Churchill Livingstone (2010).

. Jurkat-Rott K, et al. Skeletal muscle channelopathies. J Neurol

249(11):1493-1502 (2002); http://dx.doi.org/10.1007/500415-
002-0871-5.

. Parness J, et al. The myotonias and susceptibility to malignant

hyperthermia. Anesth Analg 109(4)1054-1064 (2009); http://
dx.doi.org/10.1213/ane.0b013e3181a7c8e5.

Baumgartner T. et al. Oxytocin shapes the neural circuitry of
trust and trust adaptation in humans. Neuron 58(4):639-650
(2008); http://dx.doi.org/10.1016/j.neuron.2008.04.009.

Make a difference
Sign up to become an AuthorAID mentor

How does the mentoring process work?

researchers in developing countries to find mentors who can help Setting up a mentoring relationship can be done entirely online, via the
them to progress their research careers. Finding committed
mentors is therefore essential to the success of the project.

What sort of potential mentor is AuthorAID looking for?
* An experienced researcher, with a track record of publications
* Someone who is diplomatic and can encourage and support
early-career researchers in developing countries
* Someone who is committed and enthusiastic and who is not

looking for academic gain

What skills do | need?

following steps:

a mentor.

o Register for AuthorAID and indicate that you are interested in becoming

e Fill in your AuthorAID profile with as much detail as possible so that

potential mentees can find you.

» Wait for potential mentees to contact you via the AuthorAID messaging
system, or use our Member Search to find a potential mentee.

e Start a conversation and establish rapport with your potential mentee
using AuthorAID’s messaging system.

¢ |If you both agree to mentoring, follow a link to set up a formal online
learning agreement and obtain a collaborative online mentoring

workspace.

We're seeking experienced researchers who may be able provide

advice on some or all of the following:
¢ Research methods and analysis

e Appropriate journals for submitting manuscripts (including both

international and regjonal journals)
* Manuscript preparation
* Writing style

* The peer review process and how to respond to referees’ comments

* Presentations and posters
* Preparing grant proposals
* Scientific communication in general

Need more help?

You can read more about this in the AuthorAID website guidelines and

the Guidelines for Mentors: Mentoring Relationships. For a more general

example of how AuthorAID might work, follow Rahim on his Mentoring

Journey.

authoraid@inasp.info

If you have specific questions, please feel free to contact us at

Join AuthorAID now! | http://www.authoraid.info/

Environmental Health Perspectives - voiume 120 | numser 2 | February 2012

A75




